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We report on the development of, to the best of our knowl-
edge, the first ultrafast burst-mode laser system operating at
a central wavelength of approximately 2 μm, where water
absorption and, consequently, the absorption of most
biological tissue is very high. The laser comprises a har-
monically mode-locked 1-GHz oscillator, which, in turn,
seeds a fiber amplifier chain. The amplifier produces 500 ns
long bursts containing 500 pulses with 1 GHz intra-burst
and 50 kHz inter-burst repetition rates, respectively, at an
average power of 1 W, corresponding to 40 nJ pulse and
20 μJ burst energies, respectively. The entire system is built
in an all-fiber architecture and implements dispersion
management such that output pulses are delivered directly
from a single-mode fiber with a duration of 340 fs without
requiring any external compression. This gigahertz-
repetition-rate system is intended for ablation-cooled laser
material removal in the 2 μm wavelength region, which is
interesting for laser surgery due to the exceptionally high
tissue absorption at this wavelength. © 2017 Optical
Society of America
OCIS codes: (140.7090) Ultrafast lasers; (140.3280) Laser amplifiers;
(060.3510) Lasers, fiber; (060.2320) Fiber optics amplifiers and
oscillators.
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Fiber lasers with all-fiber architecture, guiding light through
optical fibers to the point of exit from the laser system, continue
to attract attention as practical and robust sources for various
applications such as material processing, spectroscopy, and met-
rology, to name a few. Material processing with ultrafast pulses
has superb aspects such as minimal collateral damage and high
precision with the downsides being slow process speed and the
requirement of complex laser systems [1]. The ablation-cooled
laser material regime demonstrated recently [2] opened the
door to transcending the limited ablation rates and the need
for tens to hundreds of microjoules which have been impairing
ultrafast laser material processing for industrial usage. In this
regime, the repetition rate has to be high enough so that there
is insufficient time for the targeted spot size to cool down sub-
stantially by heat conduction into the rest (bulk) of the target
material by the time the next pulse arrives. As a result, the indi-
vidual pulse energy ablation threshold is scaled down by several
orders of magnitude if the repetition rate is simultaneously in-
creased, while the thermal effects to the bulk of the target are
also reduced. Furthermore, the simultaneous reduction of pulse
energy and the pulse-to-pulse spacing reduces the plasma shield-
ing effects. This is a breakthrough which opens the door to the
simplification of ultrafast lasers built for material processing and,
hence, boosts the usage of ultrafast fiber lasers outside the
laboratory and, consequently, the proliferation of such lasers.
Among the many applications, laser surgery is a promising
area for ultrafast laser ablation because it can enable precise cut-
ting with minimal collateral damage and improved after-oper-
ation healing process [3]. One can foresee that, with laser
systems operating around 2 μm, the ablation cooling regime
will take its effect on water-rich soft tissues since laser-tissue
interaction is strongly enhanced due to the local peak of water
absorption at 1.94 μm. The absorption depth of laser light in
liquid water, where 90% of the incident power is absorbed,
drops drastically from about 60 mm at a 1 μm wavelength (ab-
sorption coefficient ∼0.37 cm−1; it should be emphasized that
at this wavelength scattering dominates over absorption) to
around 0.2 mm for a 1.94 μm wavelength (absorption coeffi-
cient ∼114 cm−1) [4]. Specifically, thulium (Tm)-doped laser
systems, which can operate in the vicinity of 1.94 μm, hold a
great potential and should be investigated for ablation-cooled
laser material removal on soft tissues, in addition to their use in
atmospheric sensing, spectroscopy, and processing of polymers
[5,6]. In order to carry out such an investigation, ultrafast laser
systems with very high repetition rates need to be developed;
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burst-mode operation is an ideal tool for obtaining energetic
pulses at such repetition rates and practical power levels [7].
In this mode of operation, groups of very high-repetition-rate
pulses, called bursts, are repeated at much lower repetition
rates, producing reasonable power levels due to the small duty
cycles.
In order to study the laser material interactions at high rep-
etition rates, we previously developed the first generation of
burst-mode fiber lasers operating at 1 μm [8], improved the
uniformity of pulses with electronic feedback [9], and scaled
the burst repetition rates to 1 MHz and 100 W for high-power
applications [10]. We further investigated the limits of pulse-
pumped and continuously pumped burst-mode laser systems
by characterizing amplified spontaneous emission (ASE) and
achieved 40 μJ pulses in the pulse-pumped and 145 W average
power in the continuously pumped systems [11,12]. To better
match the requirements of ablation-cooled laser material
removal, we reached an in-burst repetition rate of 3.5 GHz
by using a repetition rate multiplier after the seed oscillator[13].
In the meantime, Limpert et al. demonstrated an impressively
high-energy (58 mJ) rod-fiber type burst-mode amplifier [14],
further opening new possibilities in burst-mode laser technol-
ogy. However, all of these fiber burst-mode systems have been
built to operate at 1 μm. Up to date, to the best of our
knowledge, there has been only one fiber system producing
bursts of nanosecond pulses from an electro-optically modu-
lated cavity with a pulse repetition rate of 9 MHz near a 2 μm
wavelength [15], but no ultrafast laser systems. Here, we report
for the first time, to the best of our knowledge, an ultrafast
all-fiber Tm-doped burst-mode laser system with a gigahertz
intra-burst repetition rate operating at 2 μm. The laser ampli-
fier system is seeded by a harmonically mode-locked dispersion-
managed oscillator operating at a ∼1 GHz repetition rate and is
able to produce 500-pulse bursts at a repetition rate of 50 kHz
and an average output power of 1 W. The duration of the 40 nJ
pulses at the output of the system is around 340 fs which is
made possible by the overall dispersion-managed architecture.
The Tm-fiber laser system (Fig. 1) consists of an all-fiber
dispersion-managed oscillator, followed by three stages of am-
plification and a fiber-coupled acousto-optic modulator
(AOM) located before the final amplifier which imposes the
burst mode on the pulse train. Inside the all-fiber oscillator
cavity (Fig. 1), an in-line polarization beam splitter located
between two polarization controllers facilitates the nonlinear
polarization evolution (NPE) mechanism for mode locking.
A home-built erbium-doped fiber amplifier centered at
1560 nm is used to pump 14 cm of highly doped Tm gain fiber
(Tm 5/125, Nufern), which is preferred to obtain a high rep-
etition rate. The passive fiber sections of the cavity contain
130 cm of SMF28 and 43 cm of UHNA4 which, together with
the 14 cm long Tm fiber, result in a fundamental repetition rate
of 107MHz.With the presence of 43 cm of positive dispersion
fiber, UHNA4 (β2  93 fs2∕mm), a dispersion-managed
design is realized, the design of which is guided by pulse propa-
gation simulations for the oscillator cavity [Fig. 2(a)] based on
the model described in [16]. The simulation results shown in
Fig. 2(a) indicate a significant variation of five-fold for the
pulse duration, from 150 fs to 750 fs, and for the spectrum
width, from 14 to 21 nm. Overall, the oscillator cavity is
dominated by the negative dispersion of 130 cm of SMF28
(β2  −71 fs2∕mm) which, together with UHNA4 and Tm
5/125 (β2  −59 fs2∕mm), yield a net cavity dispersion
of −0.062 ps2.
The oscillator is readily mode-locked at the fundamental
repetition rate of 107.6 MHz for a pump power of 470 mW.
At this repetition rate, signal power from the 30% output cou-
pler is 25 mW. Harmonic mode-locked states are achieved by
increasing the pump level and adjusting the polarization con-
trollers. The limit to the repetition rate is determined by the
pump power handling capacity of the Tm fiber, as thermal
damage starts to occur above ∼1.3 W of pump power. A stable
operation is obtained at the ninth harmonic, 970 MHz
[Fig. 3(a)], with a pump power of 1.05 W, where the output
from the 30% coupler increases to 170 mW. The long-term
stability of the high-harmonic state is quite good and compa-
rable to Yb-doped all-normal dispersion oscillators in the fun-
damental mode. However, the overall mode-locking stability is
highly dependent on the pump wavelength, where no mode
locking could be observed for 1555 nm or below, a probable
consequence of the very short length of the gain fiber, since
absorption in Tm-silica fibers increases towards 1600 nm
[17,18]. Compared to previously reported high-repetition-rate
Tm fiber lasers [19–21], our oscillator is also the first gigahertz
cavity that has an all-fiber architecture with no external satu-
rable absorber components. The overall negative dispersion of
the cavity is evidenced by the Kelly sidebands in the 13.5 nm
wide spectrum measured at the output [Fig. 3(b)]. Figure 3(c)
shows a measured radio-frequency (RF) spectrum with a
Fig. 1. Schematic diagram of the Tm-fiber burst-mode laser system.
TDF, thulium-doped fiber; WDM, wavelength division multiplexer;
MM, multimode; ISO, isolator; MPC, multimode pump-signal
combiner; DC, double-clad; PM, polarization-maintaining; AOM,
acousto-optic modulator; AWG, arbitrary waveform generator; PC,
polarization controller; PBS, polarizing beam splitters.
Fig. 2. (a) Simulated pulse duration and spectral evolution along
the oscillator cavity. (b) Simulated pulse duration and spectral evolu-
tion along an amplifier system following the oscillator output.
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15 GHz span and 100 kHz resolution. The super-mode sup-
pression ratio was measured to be ∼40 dB. A close-up of an RF
spectrum centered at 970 MHz, with a 1 kHz span and a
20-Hz resolution bandwidth, further indicates nearly 70 dB
sideband suppression [inset of Fig. 3(c)]. The pulse duration
was measured to be 1.5 ps [Fig. 3(d)] after traversing a
3.5 m long negative dispersion fiber section consisting of
mainly SMF28, which agrees closely with the simulation result
and verifies the accuracy of our simulations. The close fit of the
hyperbolic secant-square function [dotted line in Fig. 3(d)] to
the autocorrelation curve reinstates the soliton-like character-
istics of the pulses generated by the negative dispersion cavity.
The oscillator is followed by the pulse stretcher, where
1.5 ps long pulses are stretched to about ∼40 ps by 37 m of
positive dispersion fiber, UHNA7 (β2  90 fs2∕mm), which
was preferred for its negative third-order dispersion (β3 
−33 fs3∕mm). At 970 MHz, the signal power of 170 mW
drops to nearly 117 mW, mainly due to the splice loss between
the SMF28 (8.2 μm core diameter) and the UHNA7 (2.4 μm
core diameter) fibers. Next, the pulses are amplified up to an
average power of 505 mW in a single-mode core-pumped pre-
amplifier built of 20 cm long Tm fiber (5 μm core, 125 μm
cladding diameters) pumped by a home-built Er-fiber laser op-
erating at 1560 nm, where its 905 mW of pump power indi-
cates a pump-to-signal conversion efficiency of 43%. Cascading
the first preamplifier, the second preamplifier boosts the signal
to nearly 3 W, after it is decreased to 270 mW due to losses of
20% and 40% from the isolator and pump-signal combiner,
respectively. The second preamplifier composes 2.5 m long
double-clad (DC) polarization-maintaining (PM) Tm-doped
fiber (10P/130-DC, Nufern) pumped by a 30 W multimode
diode at 793 nm through a multimode pump signal combiner
(MPC). The pump power is 11.5 W and a 25% conversion
efficiency is obtained. Next, the signal is converted into burst
mode via an AOM, which has a transmission efficiency of 50%.
The burst pattern is electronically fed to the AOM driver by an
arbitrary waveform generator (AWG). For 500 ns long bursts
repeated at 50 kHz, yielding a 2.5% duty cycle, the signal de-
creases to less than 40 mW and further to half of this level after
the PM isolator, which polarizes the signal. Finally, a backward-
pumped DC amplifier containing 3 m of PM Tm-doped fiber
(10P/130-DC Nufern) boosts the signal to 1 W average power,
yielding 20 μJ burst energy and 40 nJ pulse energy. The con-
version efficiency of the final stage, where a 793 nm pump
operates at 11.5 W, is rather low, below 10%, due to reduced
signal power.
The amplified bursts display a regular pulse train, both
regarding individual pulse energy and pulse separation in time
[Fig. 3(e)] due to continuous pumping, which reduces gain
depletion, ensuring uniformity and harmonic mode locking,
respectively. Figure 3(f ) shows the measured RF spectrum at
1 W output power with a 8 MHz span and 1 kHz resolution,
where the 3 dB bandwidth of 2 MHz for the central lobe cor-
responds to the 500 ns burst duration. It should also be noted
that in spite of the low burst repetition rate, the ASE content in
the amplified output should be negligible considering the
power level [12] and the long radiative lifetime of the upper
laser level (4–6 ms for Tm-silica fibers [18]), which is critical
for ASE generation.
The amplified optical spectrum at the output with a band-
width in the range of 25–30 nm [Fig. 3(g)], about twice as wide
as the spectrum of the oscillator, shows that the gain filtering
effect is overcome by nonlinear pulse shaping. This is expected
since the homogeneously broadened gain bandwidth of Tm-
silica fibers covers more than 400 nm [17,18]. Sub-picosecond
pulse duration is obtained at the output directly for 40 nJ pulses
as a result of the dispersion-management scheme used in the
amplifier system. The simulation results in Fig. 2(b) show




















































































































































Fig. 3. Oscillator characterization: (a) pulse train for 970 MHz and fundamental repetition frequency of 107.6 MHz (red lines). (b) Optical
spectrum from the output port measured after a 3.5 m negative dispersion fiber, (c) RF spectrum of the gigahertz pulse train with a 15 GHz span and
100 kHz resolution. Inset: RF spectrum with a 1 kHz span and 20 Hz resolution bandwidth, with a central frequency of 970 MHz shifted to zero
for clarity. (d) Intensity autocorrelation (solid line) of the pulses measured at the same location as the spectrum in (b). Hyperbolic secant square fit
(dotted line) to the autocorrelation curve. Amplifier characterization: (e) measured output pulse train for the amplified 500 ns long bursts. (f ) RF
spectrum with an 8 MHz span and a 1 kHz red resolution bandwidth. Inset: closeup of the RF spectrum showing the comb lines corresponding to
the burst repetition frequency of 50 kHz. (g) Optical spectrum of the amplified output. (h) Measured autocorrelation of 40 nJ pulses inside
amplified bursts.
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the evolution of the pulse width and the spectral width
throughout the amplifier system. Note that, according to the
simulation, the spectral broadening observed at the output
takes place mainly in the final passive fiber section of the am-
plifier, where the combiner and collimator fibers are located.
This is also expected due to the nonlinearity from the amplified
pulses being the strongest since the pulses are compressing
in time in this section. The length of the UHNA7 stretch
fiber was adjusted carefully to optimize the pulse width.
The measured autocorrelation in Fig. 3(h) indicates a full width
at half-maximum pulse width of 340 fs, when a Gaussian de-
convolution factor is used, since the pulse form is expected to
transform into dissipative soliton form after the positive
dispersion stretch fiber. The pedestal structure observed in
the autocorrelation is most likely a consequence of polarization
mode beating caused by the unpolarized beam going through
birefringent components such as the PM DC fibers and the
AOM before it is finally polarized by the isolator after the
AOM. The pulse form can be improved in the future condi-
tional upon the availability of a PM isolator for placement
between the two preamplifiers.
In conclusion, we have demonstrated the first all-fiber-inte-
grated ultrafast Tm burst-mode amplifier system operating near
2 μm. The intra-burst repetition of 1 GHz is directly generated
by the seed oscillator. The dispersion-managed oscillator with a
fundamental repetition rate of 107 MHz operates at the ninth
harmonic with a high level of stability. The all-fiber amplifier
system produces 500-pulse bursts of 20 μJ energy at a repeti-
tion rate of 50 kHz. At the output, the 40 nJ pulses inside the
bursts have a duration of 340 fs achieved by dispersion man-
agement of the overall system with no external compression.
This system has been developed to pave the way for the inves-
tigation of ablation-cooled laser material removal regime on
tissues with high water content, since water has a local absorp-
tion peak near 1.95 μm.
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